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A B S T R A C T
A trio of thiolate-protected atomically precise gold nanoclusters, [Au23(S-c-C6H11)16]
–, Au24(SCH2pH
tBu)20 and
[Au25(SCH2CH2pH)18]
–, are utilized as catalysts for 4-nitrophenol (4-NP) reduction to 4-aminophenol (4-AP).
Despite nearly identical sizes (~1 nm), the three nanoclusters possess distinctly diﬀerent atomic packing
structures and surface ligand binding modes, which contribute to diﬀerent catalytic performance. The [Au23(S-
c-C6H11)16]
– nanocluster shows the highest activity with a kinetic rate constant of 0.0370 s−1, which is higher
than those of Au24(SCH2pH
tBu)20 (0.0090 s
−1) and [Au25(SCH2CH2pH)18]
– (0.0242 s−1). Such a trio of gold
nanoclusters indicate that the atomic packing mode and electronic structure play a crucial role in determining
their catalytic performance.
1. Introduction
With advances in chemical synthesis, ultrasmall metal nanoclusters
are emerging as a new type of nanomaterials with distinct optical,
electronic and catalytic properties [1–7]. Atomically precise gold
nanoclusters containing tens of gold atoms protected by thiolate
ligands, denoted as Aun(SR)m (where n and m represent the numbers
of gold atoms and thiolate ligands, respectively), have attracted intense
interest due to their unique electronic structures and molecular
properties [8]. These ultrasmall gold nanoclusters have exhibited
extraordinary catalytic reactivity and sensing performance, as well as
the promise in energy conversion [9–14]. Zhu et al. investigated the
cluster size eﬀect in partial oxidation of styrene [15]. The general order
of observed activity was found to be Au25(SR)18 > Au38(SR)24 >
Au144(SR)60, indicating the higher eﬃciency of smaller nanoclusters
than larger ones. Kauﬀman et al. reported the utilization of Au25(SR)18
nanoclusters as eﬀective catalysts for electrochemical reduction of CO2
to CO, showing a ~200 to 300 mV smaller overpotential as compared to
larger gold nanoparticles and bulk gold [16]. The Au25(SR)18 nanoclus-
ters were also explored as stable and recyclable catalysts for the
reduction of 4-nitrophenol (4-NP) [17].
Besides designing catalysts with enhanced activity and selectivity, it
is highly desirable to gain a deep understanding of catalytic process,
especially at the atomic scale. Conventional nanoparticles are ploydis-
persed in size distribution, making it diﬃcult to correlate the observed
catalytic activity and selectivity to the structure of nanocatalyst since no
two nanoparticles are the same. The observed performance has been
averaged out by non-uniform nanoparticles and only nominal para-
meters such as size and morphology can account for the activity. In
contrast, the monodispersity and structures of ultrasmall gold na-
noclusters make it possible to achieve a precise structure-activity
correlation, which is of great signiﬁcance to fundamental understand-
ing of catalysis as well as the future design of practical catalysts.
Since the properties of gold nanoclusters are extremely sensitive to
the number of Au atoms, addition or removal of a single gold atom is
expected to induce signiﬁcant changes in its structure and properties
[18–25]. Investigating such nanoclusters in catalytic reactions is
expected to achieve atomic level tuning of catalytic properties.
Herein, we report a trio of gold nanoclusters (Au23, Au24 and Au25)
as catalysts for the reduction of 4-NP, all of which exhibit similar
numbers of gold atoms but very diﬀerent atom packing modes.
[Au23(S-c-C6H11)16]
– nanoclusters exhibit the highest kinetic rate
constant of 0.0370 s−1 for 4-NP reduction, which is higher than the
rate constants of Au24(SCH2pH
tBu)20 (0.0090 s
−1) and
[Au25(SCH2CH2pH)18]
– (0.0242 s−1). The observed diﬀerence in cata-
lytic performance is attributed to distinct atomic packing modes and
electronic structures instead of nominal size or number of gold atoms.
Such insights are not possible to be revealed with conventional
polydisperse nanocatalysts since their structures are unknown. Thus,
atomically precise gold nanoclusters hold great promise in unraveling
the catalytic mechanisms [1].
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Fig. 1. UV–vis absorption spectra of [Au23(S-c-C6H11)16]
– (a), Au24(SCH2pH
tBu)20 (b), and [Au25(SCH2CH2pH)18]
– (c). Crystal structure of Au23S16 (d), Au24S20 (e), and Au25S18
framework (f) with the gold kernels highlighted in green, surface gold and sulfur motifs in pink and yellow, and the two extra gold atoms in blue for the case of Au23. All the carbon tails
are omitted for clarity.
Fig. 2. UV–vis absorption spectra during the catalytic reduction of 4-NP over [Au23(S-c-C6H11)16]
– (a), Au24(SCH2pH
tBu)20 (b) and [Au25(SCH2CH2pH)18]
– (c). (d) Plots of ln(At/A0)
and the reaction time for 4-NP reduction by thiolate-protected Au23, Au24 and Au25 nanoclusters, where A0 and At are the absorption peaks at 400 nm initially and at time t, respectively.
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2. Material and methods
2.1. Materials
All chemicals are commercially available and used as received.
Tetrachloroauric(III) acid (HAuCl4·3H2O, 99.99% metal basis), 4-
nitrophenol (ACS grade), sodium borohydride (99.99% trace metals
basis), phenylethanethiol (98%), 4-tert-butylbenzyl mercaptan (97%),
1-cyclohexanethiol (97%), toluene (HPLC grade, 99.9%), tetrahydro-
furan (HPLC grade, 99.9%), methanol (HPLC grade, 99.9%), dichlor-
omethane (HPLC grade, 99.9%), acetone (HPLC grade, 99.9%) were
purchased from Sigma-Aldrich. Tetraoctylammonium bromide (TOAB,
98%) was obtained from Fluka. Triphenylphosphine (99%) was
obtained from Acros Organics.
2.2. Synthesis of gold nanoclusters
The three gold nanoclusters were synthesized according to our
previously reported methods [24–26]. The [Au23(S-c-C6H11)16]
– and
[Au25(SCH2CH2pH)18]
– involved the reduction of gold-thiolate com-
plex by NaBH4 following a one-phase method. The Au24(SCH2pH
tBu)20
nanocluster was thermally converted from [Au23(S-c-C6H11)16]
– by
reacting with excess HSCH2pH
tBu thiol. The obtained crude products
were washed with methanol three times and dissolved in dichloro-
methane.
2.3. Catalytic reduction of 4-NP
The catalytic reduction of 4-NP was carried out in a 3 mL quartz
cuvette using a Hewlett-Packard (HP) Agilent 8453 diode array
spectrophotometer. Stock solutions of gold nanoclusters were made
in tetrahydrofuran (~1 mg/ mL). 150 µL of aqueous 4-NP solution
(0.1 mM) was added to 1.5 mL tetrahydrofuran in a cuvette. Then 5 µL
of stock solution of catalyst (~0.625 nmol) was added to the above
mixture, followed by 1 mL of freshly prepared NaBH4 solution (0.2 M).
The cuvette was then placed in the sample holder of the UV–vis
spectrometer. The solution was without stirring and the UV–vis
absorption spectra were recorded with time evolution.
3. Results and discussion
The three nanoclusters exhibit diﬀerent optical absorption features
in their UV–vis spectra as shown in Fig. 1(a)-(c). The consistent UV–
vis spectra of each nanocluster with the reported literature [24–26]
conﬁrm the monodispersity and purity of the as-synthesized nanoclus-
ters. Despite the nearly identical size (~1 nm) with merely a single
atom diﬀerence, these three nanoclusters were found to exhibit distinct
gold core structures and surface ligand binding modes [24–26]. The
crystal structures of three nanoclusters are displayed in Fig. 1(d)-(f),
respectively. To elucidate the details of the atom packing structures of
nanoclusters, Fig. 1(d) shows the Au23S16 framework of [Au23(S-c-
C6H11)16]
– nanocluster, containing an Au13 cuboctahedron kernel
protected by two trimeric Au3(SR)4 staple-like motifs, two monomeric
Au(SR)2 staples, four simple bridging -SR ligands, and two extra
surface Au atoms connecting the trimeric and monomeric staples.
The Au24S20 framework of the Au24(SCH2pH
tBu)20 nanocluster con-
sists of a smaller kernel, i.e. bi-tetrahedral Au8, which is protected by
four tetrameric Au4(SR)5 staples as shown in Fig. 1(e). Fig. 1(f) shows
the Au25S18 framework of the [Au25(SCH2CH2pH)18]
– nanocluster with
an icosahedral Au13 kernel and six dimeric Au2(SR)3 staples. The
distinctly diﬀerent structures of the three nanoclusters motivate us to
test them as catalysts in the hope of gaining atomic level structure-
activity correlations in catalytic studies.
To study the reduction rate of 4-NP, the change of absorbance at
400 nm with time was used for kinetic analysis [27–33]. Fig. 2(a)-(c)
shows the typical UV–vis absorption spectral changes that occurred
after a certain period of induction time (less than 10 min) during this
catalytic reaction. For the thiolate-protected Au23, Au24 and Au25
nanoclusters, the complete reduction time of 4-NP exhibits a range
between 2–6 min. Fig. 2(d) shows the relationship of ln(A0/At) versus
reaction time for the reduction of 4-NP over the thiolate-protected gold
nanoclusters; here, A0 and At are the absorption peaks at 400 nm at the
initial time and reaction time t, respectively. A linear correlation can be
found between ln(A0/At) and the reaction time, and the corresponding
rate constants are compiled in Table 1.
From kinetic analysis of the 4-NP reduction reaction, the order of
catalytic activity is found to be, [Au23(S-c-C6H11)16]
– >
[Au25(SCH2CH2pH)18]
– > Au24(SCH2pH
tBu)20. The observed diﬀer-
ence in activity is attributed to diﬀerent atomic packing modes and
distinct electronic structures of the three nanoclusters, while the
apparent one-atom diﬀerence in gold cores should not be the dominant
factor for the activity diﬀerence. Diﬀerent atomic packing modes,
especially the surface protecting ligand binding modes, can inﬂuence
the interaction between reactants and catalysts. Therefore, it is
expected that less bulky/rigid ligands such as HS-c-C6H11 can con-
tribute to more eﬀective interactions than the bulky/rigid
Table 1
The pseudo-first order rate constants for 4-NP reduction catalyzed by thiolate-protected
gold nanoclusters.
Aun (SR)m Rate constant (s
−1)
[Au23(S-c-C6H11)16]
– 0.0370 ± 0.0045
[Au24(SCH2pH
tBu)20]
0 0.0090 ± 0.0004
[Au25(SCH2CH2pH)18]
– 0.0242 ± 0.0027
Fig. 3. (a) UV–vis absorption spectra and (b) Plot of ln(At/A0) vs the reaction time for the catalytic reduction of 4-NP over the [Au25(PPh3)10(SC2H4pH)5×2]
2+ nanocluster.
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HSCH2pH
tBu ligand, which is indeed the case in the catalytic reduction
of 4-NP over Au25(SR)18
– with diﬀerent R groups as reported by
Shivhare et al. previously [17]. On the other hand, since the metal
nanocatalyst initiates this catalytic reduction by relaying electrons from
the donor BH4
- to the acceptor 4-NP upon adsorption of both reactants
on the catalyst surface; this trend appears to be related to the electron
transfer capabilities of our gold nanoclusters (i.e., their electronic
structures). The numbers of free electrons of the [Au23(S-c-C6H11)16]
–,
Au24(SCH2pH
tBu)20, and [Au25(SCH2CH2pH)18]
– nanoclusters are 8,
4, and 8, respectively, and thus each gold atom bears 0.35, 0.17, and
0.32 electron on average. More free electrons over gold atoms in the
nanoclusters should have higher electron transfer capabilities, which
can facilitate the chemical reduction of 4-NP eﬀectively [34,35]. This
explains the catalytic activity order, i.e. [Au23(S-c-C6H11)16]
– >
[Au25(SCH2CH2pH)18]
– > Au24(SCH2pH
tBu)20.
To further demonstrate the eﬀects of diﬀerent atom-packing modes
and electronic structures on the catalytic performance of gold na-
noclusters for 4-NP reduction, we tested another nanocluster,
[Au25(PPh3)10(SC2H4pH)5×2]
2+, which consists of 25 gold atoms with
diﬀerent atom-packing and ligand binding modes [19,20]. The
[Au25(PPh3)10(SC2H4pH)5×2]
2+ nanocluster was found to catalyze the
4-NP reduction reaction. However, unlike the reactions catalyzed by
thiolate-protected Au clusters which ﬁnished in 2–6 min, the reaction
catalyzed by the [Au25(PPh3)10(SC2H4pH)5×2]
2+ cluster took more
than 1 h for completion (Fig. 3a). The rate constant for this reaction
was determined to be 0.000488 ± 0.000022 s−1, which is ~20 times
lower than the even worst Aun(SR)m nanocluster (i.e., the
Au24(SCH2pH
tBu)20 cluster). Here it is worthy to note that the non-
core-shell [Au25(PPh3)10(SC2H4pH)5×2]
2+ cluster has previously been
found to be also less catalytically active in other reactions as compared
to its all-thiolate protected Au25 counterpart [36,37]. The triphenyl-
phosphine ligand is bulky and rigid, making the gold atoms of the
[Au25(PPh3)10(SC2H4pH)5×2]
2+ nanocluster less accessible to reac-
tants. In addition, the [Au25(PPh3)10(SC2H4pH)5×2]
2+ nanocluster
possesses a diﬀerent atom-packing structure without core-shell struc-
ture and surface protruded motifs—the latter factor is demonstrated to
be crucial for catalysis [37]. Therefore, diﬀerent atom-packing modes
and electronic structures can contribute to nanoclusters with diﬀerent
catalytic features.
4. Conclusions
We have reported the use of a trio of thiolate protected atomically
precise gold nanoclusters, [Au23(S-c-C6H11)16]
–, Au24(SCH2pH
tBu)20
and [Au25(SCH2CH2pH)18]
–, as catalysts for 4-NP reduction. Although
all of the tested gold nanoclusters are roughly 1 nm in size, they exhibit
diﬀerent catalytic properties in the 4-NP reduction reaction. [Au23(S-c-
C6H11)16]
– nanoclusters show a higher rate constant of 0.0370 s−1 than
those of Au24(SCH2pH
tBu)20 (0.0090 s
−1) and [Au25(SCH2CH2pH)18]
–
(0.0242 s−1). This in turn proves that rather than their nominal size, it
is the detailed atomic packing modes and electronic structures that
dictate the catalytic properties of nanoclusters.
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